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We compared the abilities of late gene transcription and DNA replication machineries of the baculoviruses Autographa californica
nucleopolyhedrovirus (AcMNPV) and Bombyx mori NPV (BmNPV) in SF-21 cells, an insect-derived cell line permissive for AcMNPV infection.
It has been well established that 19 AcMNPV late expression factors (lefs) stimulate substantial levels of late gene promoter activity in SF-21 cells.
Thus, we constructed a set of clones containing the BmNPV homologs of the AcMNPV lefs under control of the constitutive Drosophila heat
shock 70 protein promoter and tested their ability to activate an AcMNPV late promoter–reporter gene cassette in SF-21 cells. We tested the
potential of individual or predicted functional groups of BmNPV lefs to successfully replace the corresponding AcMNPV gene(s) in transient late
gene expression assays. We found that most, but not all, BmNPV lefs were able to either fully or partially substitute for the corresponding
AcMNPV homolog in the context of the remaining AcMNPV lefs with the exception of BmNPV p143, ie-2, and p35. BmNPV p143 was unable to
support late gene expression or be imported into the nucleus of cells in the presence of the AcMNPV or the BmNPV LEF-3, a P143 nuclear
shuttling factor. Our results suggest that host-specific factors may affect the function of homologous proteins.
© 2005 Elsevier Inc. All rights reserved.Keywords: Late expression factors; AcMNPV; BmNPV; P143; LEF-3Introduction
Baculoviruses belong to the family Baculoviridae, a family
of enveloped viruses with large, circular, and double-stranded
DNA genomes that are pathogenic to invertebrates. Autographa
californica M nucleopolyhedrovirus (AcMNPV), the most
widely studied baculovirus, has a genome size of 133,894 bp
that was predicted to encode 154 genes (Ayres et al., 1994).
During infection of permissive insect cell lines with AcMNPV,
viral genes are transcribed in three temporally regulated phases,
designated early, late, and very late. Early genes are transcribed
by the host RNA polymerase II prior to viral DNA replication
(Grula et al., 1981; Hoopes and Rohrmann, 1991; Huh and
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doi:10.1016/j.virol.2005.12.017transcribed by a virus-encoded DNA-dependent RNA poly-
merase (Glocker et al., 1993; Grula et al., 1981; Guarino et al.,
1998; Huh and Weaver, 1990).
Genes involved in DNA replication are required for late gene
expression in transient expression assays (Passarelli and Miller,
1993), mimicking the requirement of viral DNA biosynthesis
for the expression of late (and very late) genes (Rice and Miller,
1986). Collectively, genes necessary for late gene expression
and viral genome replication are called late expression factors
(lefs). To date, nineteen lefs have been identified in AcMNPV,
which are necessary to support expression from viral late
promoters in transient expression assays, in the Spodoptera
frugiperda-derived SF-21 cell line (Li et al., 1999; Rapp et al.,
1998; Todd et al., 1995, 1996). In these assays, a plasmid
containing a reporter gene cloned under the control of the late
promoter of the major capsid gene (vp39), and containing a
homologous region (hr) sequence that serves as an origin of
viral DNA replication (Kool et al., 1995; Pearson et al., 1993),
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individually in plasmids or as part of genomic fragments
(Passarelli and Miller, 1993). Optimal late gene expression is
dependent on the presence of each lef.
Six of the nineteen lefs (lef-1, lef-2, lef-3, ie-1, p143, and
dnapol) are essential for viral DNA replication (Kool et al.,
1994; Lu and Miller, 1995b). Three other lefs, ie-2, lef-7, and
p35, stimulate hr-dependent plasmid DNA replication in a cell-
line-specific manner (Lu and Miller, 1995a). This set of nine lefs
is referred here as replication lefs. The function of p35 in
transient plasmid replication assays is likely to be associated
with its ability to block apoptosis, possibly induced by either
one or more lefs or the replication of the plasmid itself
(Prikhod'ko and Miller, 1996; Todd et al., 1995). The genes ie-1
and ie-2 encode transactivators of early gene transcription
(reviewed in Friesen, 1997). IE-1 specifically binds imperfect
palindromes within hrs that serve as enhancers of several early
genes and as origins of DNA replication (reviewed in Friesen,
1997). LEF-1 has been shown to have DNA primase activity
(Mikhailov and Rohrmann, 2002), and LEF-2 is thought to act
as a primase accessory protein since both proteins interact
(Evans et al., 1997). LEF-3 is a single-stranded DNA binding
protein (Hang et al., 1995) and also facilitates the localization of
P143, a DNA helicase with ATPase and DNA binding activities
(McDougal and Guarino, 2000), to the nucleus of cells (Wu and
Carstens, 1998). The function of DNAPOL has been studied
biochemically, in transient late gene expression assays, and
found to be essential for viral DNA replication by characterizing
a virus lacking dnapol (Hang and Guarino, 1999; Kool et al.,
1994; Lu and Miller, 1995b; Vanarsdall et al., 2005).
The remaining ten lefs (lef-4 to -6, lef-8 to -12, 39k, and p47),
referred hereafter as transcription lefs, are involved in
transcription-specific functions (Lu and Miller, 1995b). The
novel viral-encoded DNA-dependent RNA polymerase was
shown to be composed of LEF-4, LEF-8, LEF-9, and P47
(Guarino et al., 1998). LEF-8 and LEF-9 contain conserved
motifs found in other RNA polymerases (Lu and Miller, 1994;
Passarelli et al., 1994). Studies with purified LEF-4 have shown
that it is a multi-functional protein that contains guanylyl-
transferase, ATPase, and 5′-triphosphatase activities (Gross and
Shuman, 1998; Jin et al., 1998). The C-terminal region of LEF-
5 is homologous to a domain in the RNA polymerase II
elongation factor IIS (TFIIS) (Harwood et al., 1998), but in vitro
studies suggest that LEF-5 functions as a transcriptional
initiation factor (Guarino et al., 2002a). The function of the
other lefs is not known. In addition, analyses of viruses
defective in lef-6, lef-11, and lef-12 showed defects in DNA
replication or late gene expression (Guarino et al., 2002b; Lin
and Blissard, 2002a; Lin and Blissard, 2002b), supporting
transient late gene expression studies.
Bombyx mori nucleopolyhedrovirus (BmNPV) is another
well-characterized baculovirus, pathogen to the silkworm B.
mori. Comparison between the genomic sequences of AcMNPV
and BmNPV has revealed over 90% identity (Gomi et al.,
1999). Despite their high level of nucleotide sequence identity,
these two viruses have non-overlapping host ranges. AcMNPV
infects over 600 species of insects, primarily pathogenic toinsects in the order Lepidoptera (Martignoni and Iwai, 1986).
More recently, it was reported that AcMNPV replicates in
specific B. mori strains (Guo et al., 2005). In cell culture,
BmNPV replicates in B. mori-derived cell lines but does not
replicate in S. frugiperda- or Trichoplusia ni-derived cells (e.g.,
SF-21, SF-9, TN-368). Conversely, AcMNPV replicates in SF-
21 but not in B.-mori-derived cells (Maeda et al., 1990).
Although some level of viral DNA replication was observed in
AcMNPV-infected BmN cells, no virion production could be
detected (Rahman and Gopinathan, 2003).
In this study, we assessed the ability of the BmNPV lefs to
functionally substitute for their homologous AcMNPV lefs
and support expression from a late viral promoter in transient
expression assays carried out using SF-21 cells. We found that
most BmNPV lefs tested were able to substitute for their
corresponding AcMNPV lefs, at least partly, except for
BmNPV ie-2, p143, and p35. We focused on the inability
of the BmNPV p143 to substitute for its AcMNPV homolog
by evaluating its function in the presence of a nucleus-
importing factor, LEF-3, from either AcMNPV or BmNPV.
Combinations of P143–LEF-3 pairs were examined for
function at three stages: support of late gene expression,
interaction of P143 and LEF-3, and cellular localization of
both proteins. In addition, we introduced mutations in the
AcMNPV and BmNPV p143 in a region reported to be
important for host range determination (Argaud et al., 1998)
and tested the effects as described above. Mutations
introduced in this region in AcMNPV p143 affected late
gene expression but allowed proper intracellular localization
in the presence of LEF-3. In contrast, BmNPV p143 and
BmNPV p143 containing mutations were not functional, and
the gene products were unable to reach the nucleus of cells.
We found that BmNPV p143 was not able to support late
gene expression in SF-21 cells, possibly due to the
requirement for host-specific factors.
Results
The predicted amino acid sequences of the 19 AcMNPV
LEFs necessary for transient late gene expression in SF-21 cells
are conserved in the BmNPV homologs (Gomi et al., 1999),
ranging from 73% identity for IE-2 to 98% for LEF-8 and LEF-
9 (Table 1). AcMNPV and BmNPV have non-overlapping
hosts; in cell culture, S. frugiperda- and B. mori-derived cell
lines do not support the replication of BmNPV or AcMNPV,
respectively. This study addresses whether AcMNPV genes
involved in late gene expression and genome replication can be
functionally substituted for their BmNPV homologs in SF-21
cells and whether replication barriers observed in BmNPV-
infected SF-21 cells can be attributed, at least in part, to the
inability of specific BmNPV lefs to function in this system. The
late gene transient expression assay has the advantage over viral
infections to readily test the ability of individual factors to
function in various cell cultures.
Prior to testing the functionality of each BmNPV lef
(hereafter referred to as Bm lef when referring to a specific
lef) in transient expression of a reporter gene, we determined the
Table 1
Comparison of AcMNPV and BmNPV lefs
ORF
name
ORF number Amino acid residues Predicted size (kDa) Amino acid
identity (%)
AcMNPV
LEF function
AcMNPV BmNPV AcMNPV BmNPV AcMNPV BmNPV
lef-1 14 6 266 270 30.7 31.1 96 DNA primase
lef-2 6 135 210 210 23.9 23.8 95 Primase accessory
protein
lef-3 67 55 385 385 44.6 44.9 92 ssDNAb binding
protein
lef-4 90 73 464 465 53.9 54 97 Capping enzyme,
RNA polymerase
complex
lef-5 99 83 265 265 31.0 31.1 97 Transcription factor
lef-6 28 19 173 173 20.4 20.3 96 Transcription factor
lef-7 125 102 226 227 26.6 26.6 88 Possible ssDNA
binding protein
lef-8 50 39 876 877 101.8 101.8 98 RNA polymerase
complex
lef-9 62 50 490 a 490 56.2a 56.4 98 RNA polymerase
complex
lef-10 53a 42a 78 78 8.7 8.6 96 Transcription factor
lef-11 37 28 112 112 13.1 13.1 97 Transcription factor
lef-12 41 32 181 183 21.0 21.1 86 Transcription factor
ie-1 147 123 582 584 66.9 66.9 96 Transactivator,
hr-binding protein
ie-2 151 127 408 422 47.0 48.8 73 Transactivator,
cell-cycle control
dnapol 65 53 984 986 114.3 114.4 96 DNA polymerase
p143 95 78 1221 1222 143.2 143.6 96 DNA helicase
39K 36 27 275 277 31.2 31.5 92 Transcription factor
p47 40 31 401 399 47.5 47.3 97 RNA polymerase
complex
p35 135 112 299 299 34.8 34.9 91 Apoptosis inhibitor
a Values correspond to the protein product translated from the second ATG of the ORF.
b ssDNA, single-stranded DNA.
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library and compared it to expression from the corresponding
AcMNPV lef library member (each referred to as Ac lef).
Plasmids from each of the libraries were transfected individu-
ally in SF-21 cells, and protein lysates were analyzed by
immunoblotting using anti-HA antibody (Fig. 1). Although
equal amounts of each cell lysate were loaded on the gels,
expression levels of the proteins varied. Ac LEF-10 and Bm
LEF-10 were expressed at very low levels when compared to
the other LEFs (Fig. 1, lanes 17 and 18), while 39K from both
viruses appeared to have the highest levels of expression (Fig. 1,
lanes 27 and 28). However, levels of the expressed LEF proteins
were relatively similar between most of the homologous lefs.
BmNPV lefs that produced comparatively less protein and were
either not able to substitute for their AcMNPV counterpart gene
or exhibited activity under 80% (i.e., p35, p143, lef-5, and
dnapol) were tested using comparatively equivalent levels of
input protein to those of the input AcMNPV lef in transient gene
expression assays (see below).
Effect of substituting each AcMNPV lef with the corresponding
BmNPV lef in the context of the AcMNPV lef library
The AcMNPV lef library (previously designated HSEpiHis
lef library) has been shown to support late vp39-stimulated geneexpression in transient assays (Rapp et al., 1998). To determine
the ability of each BmNPV lef to functionally substitute for its
homologous AcMNPV lef in the context of the remaining
AcMNPV lef library in SF-21 cells, we systematically replaced
each AcMNPV lef with the corresponding BmNPV lef (Fig. 2).
We found that most of the BmNPV lefs supported between 50%
and 100% the activity of the corresponding AcMNPV lefs.
Experiments substituting Ac lef-6 with Bm lef-6 were variable
in our hands and have been omitted here since we could not
obtain conclusive results. In contrast, Bm ie-2, Bm p143, and
Bm p35were not able to substitute for Ac ie-2, Ac p143, and Ac
p35, respectively. Omission of Ac ie-2 resulted in significant
levels of reporter activity, however, addition of Bm ie-2 did not
stimulate reporter gene activity above those levels (Fig. 2,
columns −ie-2 and +ie-2).
Increasing the concentration of Bm p35 transfected into
cells so that protein levels assayed were similar to the protein
levels of Ac P35 did not augment reporter gene activity
(results not shown), suggesting that the lack of Bm p35
function was not related to the levels of protein available in
the assay. Similar results were obtained by increasing plasmid
DNA concentrations of other BmNPV lefs that yielded lower
protein than the AcMNPV lef in immunoblots (i.e., Bm dnapol
and lef-5; results not shown). Results with Bm p143 are
discussed below.
Fig. 1. Immunoblot of AcMNPV (Ac) and BmNPV (Bm) LEFs. SF-21 cells were transfected with 4 μg of plasmids expressing each lef, incubated for 20 h at 27 °C,
then 30 min at 42 °C, and finally 2 h at 27 °C before harvesting. Equal amounts of total cell lysates were resolved by SDS–PAGE followed by immunoblot analysis
using anti-HA.11 monoclonal antibody. Arrowheads indicate the position of each LEF specified at the top. Positions of molecular weight standards (in kilodaltons) are
shown on the left.
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replication-specific lefs
Since AcMNPV lefs were replaced individually in the
assays presented above, we reasoned that all the BmNPV lefs
that restored late gene expression in the presence of the
remaining AcMNPV lefs should be able to function together
and independently of other BmNPV lefs. More specifically,
we considered that LEF–LEF interactions were not dependent
on lef virus origin. However, the BmNPV lefs that were not
able to substitute for the corresponding AcMNPV lefs may
require specific interactions with either other BmNPV lefs or
B. mori cell factors. To address some of these possibilities, we
tested whether groups of functionally related lefs were able to
stimulate late reporter gene activity. We grouped lefs as
transcription- or replication-specific lefs, although some
factors may be directly or indirectly involved in both
processes. The transcription-specific lefs included lef-4 to -6,
lef-8 to -12, 39k, and p47, while the replication-specific lefsincluded lef-1 to -3, lef-7, ie-1, ie-2, p143, and dnapol. We
then used combinations of either AcMNPV or BmNPV
replication and transcription lefs to test late gene expression
(Fig. 3). We included Ac p35 invariably in all of these
experiments because Bm p35 was not functional and
remained not functional in the presence of other BmNPV
lefs (results not shown).
In the presence of the BmNPV transcription lefs and the
AcMNPV replication lefs, about 30% of reporter gene
activity was obtained (Fig. 3, compare lanes 1 to 2).
Although moderate, this activity was consistently about 10-
fold higher than background levels (∼3%). In addition, this
moderate stimulation of late gene expression is in agreement
with each of the BmNPV transcription lefs able to substitute
for their homologous AcMNPV lef at least 50%. In contrast,
when the BmNPV replication lefs and AcMNPV transcrip-
tion lefs were assayed together, background levels of activity
were obtained (Fig. 3, column 3). Similarly, only background
levels of activity were obtained in the presence of all
Fig. 2. Function of BmNPV lefs in late gene expression in SF-21 cells. SF-21 cells were cotransfected with the reporter plasmid pAchrCAPluc and the AcMNPV lef
library containing 0.5 μg of each lef (first column) or the AcMNPV lef library with the indicated lef omitted (−) and replaced by the corresponding BmNPV lef (+).
Cells were harvested 48 h post-transfection, and lysates were assayed for luciferase activity. Luciferase activity from cells transfected with the entire AcMNPV lef
library was set to 1.0.
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lack of activity may be due to the replication lefs Bm ie-2
and Bm p143; Bm ie-2 and Bm p143 were not functional in
the context of the remaining AcMNPV lefs (Fig. 2).
Interestingly, inclusion of Ac p143 with the remaining
BmNPV replication lefs and in the presence of either the
AcMNPV or the BmNPV transcription lefs resulted in a
slight but invariable increase in late gene expression (Fig. 3,
columns 7 and 8).Fig. 3. Late promoter stimulation using combinations of transcription- and
replication-specific BmNPV or AcMNPV lefs. SF-21 cells were cotransfected
with the reporter plasmid pCAPCATΔHNΔSE and lef libraries containing
different combinations of AcMNPV and BmNPV lefs as indicated (+).
Replication (Rep) lefs include lef-1 to -3, lef-7, ie-1, ie-2, and dnapol.
Transcription (Tran) lefs include lef-4 to -6, lef-8 to -12, 39k, and p47. All
transfections contained Ac p35. Cells were harvested 48 h post-transfection, and
lysates were analyzed for CAT activity. CAT activity from cells transfected with
the entire AcMNPV lef library (column 1) was set to 1.0.Stimulation of late gene expression by BmNPV P143, its
intracellular localization in the presence of Ac LEF-3 or
Bm LEF-3, and its interaction with Ac LEF-3 and Bm LEF-3
It has been reported that, in SF-21 cells transfected with
plasmids expressing AcMNPV p143 and lef-3, LEF-3 is
necessary and sufficient to transport P143 from the cytoplasm
to the nucleus of cells (Wu and Carstens, 1998). Similarly, the
Choristoneura fumiferana MNPV (CfMNPV) P143 localizes to
the nucleus of Cf124T cells in the presence of CfMNPV LEF-3.
Furthermore, the CfMNPV LEF-3 and P143 colocalize to the
nuclei when both proteins are expressed together in SF-21 cells,
suggesting that no specific cellular factors are essential for the
translocation of this P143–LEF-3 complex to the nucleus.
However, AcMNPV LEF-3 was not able to transport CfMNPV
P143 to the nucleus in either cell line, suggesting that a specific
interaction between the CfMNPV P143 and LEF-3 was required
(Chen et al., 2004).
In our experiments containing a lef library with Bm P143 and
Ac LEF-3 (Fig. 2, column +p143; Fig. 3, columns 5 and 6), late
gene expression was abolished; it is possible that the interaction
between proteins originating from different viruses may be
impaired, precluding function in successive steps. To address
directly whether Bm p143 could substitute for Ac p143 in the
presence of Bm lef-3, we replaced both Ac p143 and Ac lef-3
with the corresponding BmNPV lefs in the context of the
remaining AcMNPV lefs (Fig. 4). Inclusion of both Bm p143
and Bm lef-3 did not stimulate late gene expression, and the
activity was comparable to that seen without lef-3, p143, or both
(Fig. 4, compare columns 2, 4, and 6 to 7). Thus, while Bm lef-3
was able to substitute for Ac lef-3 (over 80% of reporter gene
activity compared to the complete AcMNPV lef library) (Fig. 4,
compare columns 1 to 3), Bm p143 did not substitute for Ac
p143 when supplied with either Ac lef-3 or Bm lef-3.
We next investigated whether the failure of Bm P143 to
function could be attributed to the inability of LEF-3 to
Fig. 4. Cooperative function of Bm P143 and Bm LEF-3 on late gene expression.
SF-21 cells were cotransfected with the reporter plasmid pCAPCATΔHNΔSE
and the AcMNPV lef library (column 1) or the AcMNPV lef library lacking (−)
Ac lef-3 (columns 2 and 3), Ac p143 (columns 4 to 5), or both Ac lef-3 and Ac
p143 (columns 6 an 7) but including (+) Bm lef-3 (columns 3 and 7) and/or Bm
p143 (columns 5 and 7). CAT activity from cells transfected with the entire
AcMNPV lef library was set to 1.0.
Fig. 5. Intracellular localization of AcMNPV P143 and BmNPV P143 in SF-21 cells.
p143 (B) alone or with a plasmid expressing FLAG-tagged Ac lef-3 or Bm lef-3 as
followed by goat anti-mouse immunoglobulin G conjugated with FITC, and nuclei
stained nuclei (column 2), and FITC-labeled proteins (column 3) are shown. A mer
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successfully reached the nucleus but was not functional in that
compartment. When Bm p143was transfected alone, the protein
produced was observed in the cytoplasm (Fig. 5B). Inclusion of
plasmids expressing lef-3 from either AcMNPVor BmNPV did
not assist in the translocation of Bm P143 to the nucleus (Figs.
5E and F). In contrast, AcMNPV or BmNPV LEF-3
successfully escorted Ac P143 to the nucleus (Figs. 5C and
D). Thus, the lack of function of Bm p143 observed in transient
gene expression assays can be attributed to its inability to be
successfully shuttled to the nucleus by either viral LEF-3.
These results are in agreement with the ability of Ac LEF-3
or Bm LEF-3 to interact with Ac P143 (Fig. 6E, lanes 1 and 3)
and the inability of Bm P143 to interact with either LEF-3 (Fig.
7E, lanes 1 and 3) demonstrated by immunoprecipitation
studies. To further correlate differences between the functional
Ac P143 and the nonfunctional Bm P143, we constructed
specific mutations in Ac p143 and Bm p143, tested the effects
of these mutations in late gene expression, and monitored the
intracellular location of the products.Cells were transfected with a plasmid expressing HA-tagged Ac p143 (A) or Bm
indicated by the plus (+) signs. Proteins were treated with anti-HA.11 antibody
were stained with TO-PRO-3 prior to visualizing cells. Bright field (column 1),
ge of images in columns 2 and 3 is shown in column 4.
Fig. 6. Effects of mutations in Ac p143 on late gene expression, nuclear localization of the altered proteins, and their interaction with Ac LEF-3 and Bm LEF-3. (A)
Nucleotide and amino acid sequence comparison of a short region of the host range domain of Ac p143 and Bm p143 encompassing positions targeted for mutagenesis
(in bold-type). The numbers in parenthesis refer to the amino acid of each P143 relative to the translation initiation codon of each protein. (B) Ac p143 mutants as
indicated below each column were tested for their ability to substitute for Ac p143 in stimulating the major capsid late promoter in the presence of either Ac lef-3
(columns 1 to 4) or Bm lef-3 (columns 5 to 8) as indicated above each column. Expression from each Ac p143 clone from an aliquot of a lysate also used to test CAT
activity is shown below each column. (C) Ac p143 (N, L) was tested as in panel B but using the indicated amount of DNA in transfections. Expression from the p143-
expressing clones was tested using an aliquot of a lysate also used to test CAT activity and is shown below each column. (D) Intracellular localization of Ac P143 (N,
L). Cells were transfected with plasmid Ac p143 (N, L) (from which the AcMNPV P143 double mutant is expressed as an HA-tagged protein) along with a plasmid
expressing FLAG-tagged LEF-3 derived from either AcMNPV (Ac LEF-3) or BmNPV (Bm LEF-3). Cells were prepared for immunofluorescence microscopy and
visualized as described in the legend to Fig. 5. (E) SF-21 cells coexpressing HA-tagged Ac p143 or Ac p143 (N, L) and either FLAG-tagged Ac lef-3, Bm lef-3, or
neither were used to immunoprecipitate proteins with anti-FLAG–Sepharose, and the precipitates were immunoblotted using anti-HA antibody (upper panels). The
same membrane was stripped and treated with anti-FLAG antibody (lower panels), identifying the protein that was originally immunoprecipitated with a binding
partner shown in the upper panels. The supernatants of the immunoprecipitations containing unbound proteins were immunoprecipitated again and the precipitates
immunoblotted using anti-HA antibody (middle panels) to identify unbound HA-tagged proteins not observed in the upper panels. The arrows to the left of each panel
indicate the position of the immunoprecipitated protein. IP, immunoprecipitation; WB, Western blot.
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gene expression and its intracellular localization
It has been reported that an AcMNPV mutant generated by
homologous recombination of AcMNPV with a 572-bp
BmNPV-derived DNA fragment within the p143 open reading
frame (ORF) was able to infect BmN cells (Maeda et al., 1993)
but resulted in abortive infections when infecting SF-21 cells at
low multiplicity of infection (MOI) (Kamita and Maeda, 1996).
The recombinant P143 had 14 predicted amino acid substitu-
tions. Additional experiments determined that substituting only2 of those 14 amino acids in AcMNPV P143 (Ser564 and Phe577)
to amino acids present at the corresponding positions of
BmNPV P143 (Asn565 and Leu577, respectively) (Fig. 6A) were
sufficient for an AcMNPV mutant to replicate in B. mori larvae
(Argaud et al., 1998). This suggests that specific amino acid
differences between AcMNPV P143 and BmNPV P143 may
determine the ability of P143 to function in alternative hosts. We
wanted to determine the effects of these mutations on the
function of Ac p143 in transient expression assays in SF-21
cells. To this end, we engineered Ac p143 mutants in which
nucleotides encoding the first, the second, or both of these
Fig. 7. Effects of mutations in Bm p143 on late gene expression, nuclear localization of the altered proteins, and their interaction with Ac LEF-3 and Bm LEF-3. (A)
Bm p143 (columns 2 and 6) and Bm p143 mutants as specified (columns 3 to 5 and 7 to 9) were tested for their ability to substitute for Ac p143 (column 1) in
stimulation of the major capsid late promoter, in the presence of either Ac lef-3 (columns 1 to 5) or Bm lef-3 (columns 6 to 9) as indicated above each column.
Expression from each p143-expressing clone from an aliquot of a lysate also used to test CAT activity is shown below each column. (B and C) Bm p143, Bm p143 (S),
Bm p143 (F), and the double mutant Bm p143 (S, F) were tested in the presence of Ac lef-3 (B) or Bm lef-3 (C) as in panel A but using the indicated amount of DNA in
transfections and compared to 0.5 μg of Ac p143 (first columns). Expression from each p143-expressing clone from an aliquot of a lysate also used to test CATactivity
is shown below each column. (D) Intracellular localization of Bm P143 (S, F). Cells were transfected with plasmid Bm p143 (S, F) (from which the BmNPV P143
double mutant is expressed as an HA-tagged protein) along with a plasmid expressing FLAG-tagged LEF-3 derived from either AcMNPV (Ac LEF-3) or BmNPV (Bm
LEF-3). Cells were prepared for immunofluorescence microscopy and visualized as described in the legend to Fig. 5. (E) SF-21 cells coexpressing HA-tagged Bm
p143 or Bm p143 (S, F) and FLAG-tagged Ac lef-3, Bm lef-3, or neither were used to immunoprecipitate proteins with anti-FLAG–Sepharose, and the precipitates
were immunoblotted using anti-HA antibody (upper panel). The same membranes were stripped and treated with anti-FLAG antibody (lower panel), identifying the
protein that was originally immunoprecipitated with a binding partner, if any, shown in the upper panel. The supernatants of the immunoprecipitations containing
unbound proteins were immunoprecipitated again and the precipitates immunoblotted using anti-HA antibody (middle panel) to identify unbound HA-tagged proteins
not observed in the upper panel. The arrows to the left of each panel indicate either the detected protein or the position where an undetected protein would have been
observed. IP, immunoprecipitation; WB, Western blot.
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acids in BmNPV P143. Plasmids expressing these mutants are
referred to as Ac p143 (N), Ac p143 (L), and Ac p143 (N, L),
where the one-letter code amino acid in parenthesis indicates the
amino acid predicted after changes have been introduced (Table
2 and Fig. 6A).
We tested Ac p143 (N), Ac p143 (L), and/or Ac p143 (N, L)
for protein production by immunoblotting for their ability to
support late gene expression (Figs. 6B and C) and monitored the
intracellular localization of the expressed products in thepresence of Ac LEF-3 or Bm LEF-3 (Fig. 6D). Compared to
Ac P143 and the Ac P143-containing single mutations, Ac P143
(N, L), which carried two mutations, was expressed at lower
levels. We assessed whether these mutations in Ac P143
affected late gene expression by replacing the Ac p143 plasmid
with each of the altered p143-containing plasmids in the context
of the remaining AcMNPV lef library and either Ac lef-3 or Bm
lef-3 (Fig. 6B). Regardless of whether Ac lef-3 or Bm lef-3 was
included, both Ac p143 (N) and Ac p143 (L) were able to
functionally replace Ac p143 at least 80% (Fig. 6B, compare
Table 2
Oligonucleotides used for the mutagenesis of AcMNPV p143 and BmNPV p143
Oligonucleotide sequence a Mutation and position Designation
AcMNPV p143 mutations
1. CAGCTTTCATTCGAATTGTCCATTTTTGTTGGGCACC S→ N at aa b 564 Ac p143 (N)
2. CGTTGCCGCAGACACTCAAGAAGCCCACCG F→ L at aa 577 Ac p143 (L)
3. Oligonucleotides 1 and 2 above S→ N and F→ L at aa 564 and 577 Ac p143 (N, L)
BmNPV p143 mutations
4. CAGCTTTCATTCGAGCTGTCCATTTTTGTTGGGCACC N→ S at aa 565 Bm p143 (S)
5. CGTTGCCGCAGACGTTCAAGAAGCCCACCG L→ F at aa 578 Bm p143 (F)
6. Oligonucleotides 4 and 5 above N→ S and L→ F at aa 565 and 578 Bm p143 (S, F)
a Mutations are shown in bold-type. Only forward oligos are shown.
b aa, amino acid.
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p143 with Ac p143 (N, L) in the presence of Ac lef-3 or Bm lef-
3 led to a reduction in reporter gene expression to background
levels (Fig. 6B, compare columns 1 to 4, and 5 to 8). Since Ac
P143 (N, L) was produced at low levels (Fig. 6B, columns 4 and
8) compared to Ac P143, we also tested expression using higher
concentrations of plasmid in transfections. Background levels
of late gene expression were also obtained when cells were
transfected with Ac P143 (N, L) at higher plasmid concentra-
tions (Fig. 6C). Cotransfection of Ac p143 (N, L) with either lef-
3 resulted in nuclear import of Ac P143 (N, L) (Fig. 6D). These
results indicate that the two changes introduced into Ac P143 do
not prevent the correct cellular localization of Ac P143 but
abolish its ability to stimulate late gene expression. We also
found that Ac P143 (N, L) was able to complex with either Ac
LEF-3 or Bm LEF-3 (Fig. 6E, lanes 2 and 4), supporting our
finding that the protein was successfully guided to the nucleus
of cells.
Effects of mutations in Bm P143 on its ability to stimulate late
gene expression and its intracellular localization
In light of the results described above, we investigated how
reciprocal sequence changes in Bm p143 affected gene activity
in our assay. That is, we changed the sequence encoding
BmNPV P143 amino acids Asn565 and Leu578 to encode amino
acids present at the corresponding positions of AcMNPV P143.
We constructed mutations in Bm p143 in which the first, the
second, or both of the predicted amino acids were altered. These
mutations were designated Bm p143 (S), Bm p143 (F), and Bm
p143 (S, F) (Table 2, Fig. 6A). Expression of the altered proteins
in SF-21 cells was analyzed by immunoblotting, and protein
levels were similar to those of Bm P143 but lower than those of
Ac P143 (Fig. 7A). The expression from Bm p143 and that of
derived altered proteins was augmented in assays by transfect-
ing cells with higher concentrations of the corresponding
plasmid DNAs (Figs. 7B and C). Neither gene with single or
double mutations within Bm p143 was able to substitute for Ac
p143 in the presence of Ac LEF-3 (Fig. 7A, compare columns 1
to columns 3 to 5; Fig. 7B). Similarly, gene expression was not
restored by cotransfection of Bm p143-containing mutations
and Bm lef-3 in the context of the remaining AcMNPV lefs (Fig.
7A, compare column 1 to columns 7 to 9; Fig. 7C).In order to address whether the inability of Bm p143 (S, F) to
support late gene expression was related to its inability to be
lead to the nucleus, the intracellular localization of Bm p143 (S,
F) was examined. We found that Bm p143 (S, F) was
cytoplasmic in the presence of LEF-3 from either virus (Fig.
7D) as observed for Bm p143 (Fig. 5B). In support of these
findings, Bm P143 (S, F) was unable to interact with either Ac
LEF-3 or Bm LEF-3 (Fig. 7E, lanes 2 and 4).
Discussion
Nine lefs (lef-1, lef-2, lef-4, lef-5, lef-8, lef-9, dnapol, p143,
and p47) are conserved among the baculoviruses that have
been sequenced to date (Willis et al., 2005). This number
represents about one third of all conserved genes and
highlights the central role that the lefs play in the replication
cycle of baculoviruses. BmNPV encodes all the lefs identified
in AcMNPV except for hcf-1, a replication factor that allows
AcMNPV to expand its host range to T. ni (Lu and Miller,
1995a; Lu and Miller, 1996). There is a high level of
predicted amino acid sequence conservation between the
corresponding LEFs of AcMNPV and BmNPV (Table 1),
which correlates with their overall genomic sequence
conservation. Despite their high sequence identity, these
viruses have non-overlapping host ranges, implying that they
have evolved specific adaptations to their respective hosts.
Thus, it is possible that few sequence differences between
homologous lef pairs may shed light into the specific
requirements for late gene expression/DNA replication in a
particular cellular environment. Alternatively, productive
infection by AcMNPV using intrahemocoelic infection has
been observed in some B. mori strains due to the absence of a
host factor (Guo et al., 2005). Expression profiles of BmN or
SF-9 cells infected with AcMNPV or BmNPV using
microarrays found that almost all AcMNPV genes were
expressed in both cell types albeit at lower levels or delayed
in BmN cells, however, expression of BmNPV genes was
reduced in Sf-9 cells (Iwanaga et al., 2004). The reduction of
BmNPV expression in Sf-9 cells was attributed to transcrip-
tion and not to virus attachment, penetration, or uncoating
(Iwanaga et al., 2004). We focused on the functional
conservation of the late gene transcription and the genomic
replication machineries.
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expression in an established transient assay in SF-21 cells, we
constructed a set of 19 plasmids (BmNPV lef library) in which
the ORF for each BmNPV lef was expressed as an epitope-
tagged fusion protein from the heat shock protein (hsp) 70
promoter. Clones in this library were used in different
combinations with a corresponding library containing the
AcMNPV lefs. The AcMNPV lef library has been shown to
be necessary to activate the vp39 late promoter (Rapp et al.,
1998). Genes in the BmNPV lef library were expressed to
comparable levels as the corresponding AcMNPV lef genes in
SF-21 cells (Fig. 1), except for some of them (e.g., Bm p35, Bm
dnapol, Bm p143, and Bm lef-5). Nevertheless, transfecting up
to four-fold the concentration of Bm p35 or Bm dnapol and ten-
to twenty-fold of Bm lef-5 and Bm p143 did not yield
significantly different results, although about equivalent
amounts of protein as that from the AcMNPV gene were
produced (results not shown and Figs. 7B and C).
Upon replacing each AcMNPV lef with the corresponding
BmNPV lef in the context of the remaining AcMNPV lef library
in SF-21 cells, we found that 15 BmNPV lefs were able to
substitute for their corresponding AcMNPV lef homolog,
yielding at least 50% of the reporter activity with the rest of
the AcMNPV lef library. Within this group, 12 lefs, lef-1 to -5,
lef-8 to -11, ie-1, dnapol, and p47, were considered essential for
infection of BmN cells with BmNPV (Gomi et al., 1997). The
essential requirement of these genes for the replication of
BmNPV in BmN cells and their ability to substitute the
AcMNPV homologs in our assay suggest that they are
functionally equivalent.
The BmNPV lefs lef-7, lef-12, and 39K also complemented
the corresponding AcMNPV lefs. Unlike the group of 12 lefs
described above, mutant viruses of either lef-7 or 39K were
successfully isolated in BmNPV, indicating that these lefs were
not essential for virus replication in BmN cells (Gomi et al.,
1997). Characterization of lef-12 in BmNPV has not been
reported.
Three AcMNPV lefs, p35, ie-2, and p143, could not be
replaced by the BmNPV homolog. In transient expression
assays in SF-21 cells, the role of p35 can be attributed to its
ability to protect cells from undergoing apoptosis induced by
either a lef(s) or reporter plasmid replication (Prikhod'ko and
Miller, 1996; Todd et al., 1995). This is supported by the
fact that Op-iap, another suppressor of apoptosis that works
at a different point in the apoptotic pathway, effectively
replaced p35 in transient replication assays (Todd et al.,
1995). AcMNPV P35 is sensitive to mutations as most
defective proteins obtained after mutagenesis experiments
resulted in nonfunctional proteins (Bertin et al., 1996). In
contrast to the extensive cell death observed when a p35
deleted AcMNPV mutant infects SF-21 cells, a BmNPV
mutant lacking p35 replicated similarly to the wild-type in
BmN cells, in which a complete apoptotic response was not
detected (Kamita et al., 1993). In addition, BmNPV P35 is
not as active as AcMNPV P35 inhibiting caspases in vitro
(Morishima et al., 1998). Although we did not test apoptosis
directly, it appears that Bm P35 was not able to blockapoptosis effectively, and this may explain why Bm p35 was
not functional in our studies.
The ie-2 gene stimulates early gene expression in the
presence of ie-1 (reviewed in Friesen, 1997), and it is not
essential for transient late gene expression (Passarelli and
Miller, 1993). In agreement with its role as a stimulatory gene,
we observed about 45% activity in the absence of ie-2. We did
not investigate in detail whether Bm ie-2 would support late
gene expression in the presence of specific BmNPV lefs (i.e.,
Bm ie-1). The hr element derived from AcMNPV present in the
reporter plasmid did not prevent substitution of Ac ie-1with Bm
ie-1, suggesting that Bm IE-1 recognized the AcMNPV-derived
plasmid origin of replication.
In these assays, the BmNPV lefs are stimulating expression
from the AcMNPV major capsid late promoter. Although it is
possible that the BmNPV lefs would be able to stimulate
expression from the BmNPV major capsid homologous gene
promoter more efficiently, we think this is unlikely since at least
18 nucleotides flanking either side of the three late transcription
start sites (TAAGs) are identical. In addition, there are only 4
nucleotide changes from 100 nucleotides upstream of the third
TAAG to 38 nucleotides downstream of the first TAAG which
corresponds to the translational start codon of LEF-4; the
sequence conservation may be attributed in part to the
conservation of the lef-4 ORFs.
Substitution of the AcMNPV replication lefs, excluding Ac
p35, with the BmNPV replication lefs group resulted in
background levels of late gene expression. In contrast,
substitution of the AcMNPV transcription lefs with the
corresponding BmNPV transcription lefs resulted in about
30% late gene expression. This may suggest that the function of
the replication lefs Bm ie-2 or Bm p143 or both could not be
assisted by including the remaining BmNPV replication factors.
Therefore, the lack of virus-specific interactions between LEFs
did not appear to be a reason for the inability of Bm ie-2 and/or
Bm p143 to substitute their AcMNPV counterparts individually,
although we cannot rule out the possibility that these genes do
not form functional complexes with AcMNPV transcription
LEFs in the assay. Nevertheless, the complete Bm lef library did
not function above background levels. An alternative possibility
is that the BmNPV replication lef set is not functional in the
context of SF-21 host factors.
It has been shown for two virus–host systems that LEF-3
translocates P143 to the nucleus (Chen et al., 2004; Wu and
Carstens, 1998). In a transient replication assay, CfMNPV P143
complemented AcMNPV P143 in SF-21 cells only in the
presence of CfMNPV LEF-3, suggesting that virus-specific
protein–protein interactions are necessary. Our data show that
Bm p143 did not rescue late gene expression in the presence of
Bm lef-3 and the remaining AcMNPV lefs. We determined by
immunofluorescence microscopy that Bm P143 was not
imported into the nucleus by LEF-3 from either AcMNPV or
BmNPV, even though both LEF-3 proteins localized to the
nucleus in the absence of other viral genes (results not shown)
and were able to escort Ac P143 to the nucleus (Fig. 5). Bm
P143 and Bm LEF-3 did not interact in SF-21 cells. This
suggests that the P143–LEF-3 complex interacts with a cell-
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correctly and was not able to interact with LEF-3 or other factor.
The low level of expression of Bm P143 in SF-21 cells could be
a consequence of the instability of a misfolded protein. Bm
p143 did not have dominant negative effects since increasing
concentrations of Bm p143 in the presence of Ac p143 and the
remainder of the AcMNPV lef library did not appear to have
inhibitory effects on late gene expression (results not shown). It
would be interesting to know if Bm LEF-3 is responsible for the
transport of Bm P143 in B. mori-derived cells or whether Bm
P143 uses a different mechanism and compare it to that of Ac
P143 in those cells.
P143 has been involved in determining the host expansion of
AcMNPV to B. mori (Croizier et al., 1994; Maeda et al., 1993).
An AcMNPV mutant containing mutations at amino acids
Ser564 and Phe577of P143 to amino acids present at the
corresponding positions of the BmNPV P143 was able to infect
B. mori larvae (Argaud et al., 1998). Thus, we focused on these
two sites of Ac p143 and the corresponding ones in Bm p143.
We found that, when we made these two mutations in Ac p143,
the resulting protein, Ac P143 (N, L), failed to support transient
late gene expression in SF-21 cells. However, in contrast to Bm
P143, Ac P143 (N, L) effectively accumulated in the nucleus of
cells in the presence of LEF-3 from either virus. This led us to
conclude that the amino acids at those positions are important
for the functionality of P143 in SF-21 cells, but they are not
essential for its translocation to the nucleus of cells. Further-
more, these amino acids are not crucial for interaction with
LEF-3 since Ac P143 (N, L) interacted with both Ac LEF-3 and
Bm LEF-3 as determined by coimmunoprecipations. Conse-
quently, we expected that the reciprocal changes in Bm p143
would not affect the intracellular localization of this protein.
Effectively, when we changed these two amino acids in Bm
p143 to correspond to those in Ac p143, the mutant Bm P143
(S, F) remained cytoplasmic, did not interact with either viral
LEF-3, and, therefore, was nonfunctional in the transient
expression assay. Although this host range region within P143
affects its function in a specific cellular environment, it is
possible that amino acids other than those at these two positions
may be affecting the nuclear transport of P143. Overall, our data
suggest that factor interactions besides those between P143 and
LEF-3 may be necessary for optimal late gene transcription in
some non-permissive environments.
lef-3 is not conserved in baculoviruses that infect insects
outside the order Lepidoptera, raising the possibility that P143
may be transported into the nucleus of cells by a mechanism
independent of LEF-3. P143 localization to the nucleus of cells
may require another viral factor or a specific host factor as
suggested in this study. Finding other P143 interacting factors
and determining their function would address this possibility.
Recombinant AcMNPV with mutations within the p143 host
range region have been characterized in both B. mori- and S.
frugiperda-derived cells, the construction of BmNPV recombi-
nants with corresponding mutations within Bm p143 and their
characterization in these permissive and non-permissive cell
lines would provide further insights into the requirements for
p143 function.Materials and methods
Cells and viruses
IPLB-SF-21 cells (SF-21) (Vaughn et al., 1977) and BmN-
4 cells (Maeda, 1989) were cultured at 27 °C in TC-100
medium (Invitrogen) supplemented with 10% fetal bovine
serum (Invitrogen) and 0.26% tryptose broth as described
previously (complete medium) (O'Reilly et al., 1992). The
AcMNPV L1 strain (Lee and Miller, 1978) and the BmNPV
T3 strain (Maeda et al., 1984) were propagated in SF-21 and
BmN-4 cells, respectively. AcMNPV and BmNPV genomic
DNAs were isolated as described elsewhere (O'Reilly et al.,
1992).
Plasmid constructions
Construction of the AcMNPV lef library containing the 19
AcMNPV lefs has been described previously (Rapp et al.,
1998). Briefly, each lef was cloned in the plasmid vector
pHSEpiHisVI+ (Rapp et al., 1998) under the Drosophila hsp 70
promoter control and tagged with the influenza virus hemag-
glutinin (HA) epitope and polyhistidine (His) tags at the 5′ end
of the ORF.
We constructed a BmNPV lef library by cloning the 19
BmNPV lefs in the same vector. The BmNPV lef ORFs
were amplified by polymerase chain reaction (PCR) from
the 2nd codon to the stop codon by using BmNPV genomic
DNA as a template and the specific primers listed in Table
3. The PCR products were gel-isolated and digested with
BglII and NotI, except for the products of lef-6 and ie-2
which were digested with BamHI and NotI, and lef-10,
which was digested with BglII and SmaI. The PCR products
containing the lefs were cloned into the BglII and NotI sites
of pHSEpiHisVI+, except for that of lef-10 that was cloned
into the BglII and SmaI sites. This resulted in the BmNPV
lefs fused to HA and His tags at the N terminus. The
correct sequence of all the BmNPV lef ORFs was then
confirmed by nucleotide sequencing. We note that the
sequence of the Bm lef-12 ORF differs from that reported in
the databases after several independent cloning events from
BmNPV viral DNA. Bm lef-12 contained a 65-bp in-frame
sequence insertion at its 5′ end that matched to a 65-bp
sequence from the 5′ end of BmNPV p47 ORF that is
located immediately upstream of and in opposite orientation
to BmNPV lef-12.
Plasmid pHSFlagHisVI+ (Prikhod'ko et al., 1999) was used
as cloning vector to epitope-tag AcMNPV LEF-3 and BmNPV
LEF-3 with a Flag epitope at the N-terminus of the proteins.
BmNPV lef-3 was cloned in this vector as described above for
the HA-tagged version of the same gene. To clone AcMNPV
lef-3 into pHSFlagHisVI+, the ORF was amplified by PCR
from the 2nd codon to the stop codon by using pHSEpiHisVI+
lef-3 (Rapp et al., 1998) as a template. The sequence of the
spec i f i c p r ime r s u sed was 5 ′ -CGCGGATCCG-
CGACCAAAAGATCTTTGTC-3′ and 5′-ATAAGAATGCG-
GCCGCTTACAAAAATTTATATTCATTTTCATCTTCGT-3′.
Table 3
Oligonucleotides used for amplification of the BmNPV lefs
Oligonucleotide a Sequence b
Bmlef1N-BglII GAAGATCTTTATTGTGCAATTATACACAGAAGCGC
Bmlef1C-NotI ATAAGAATGCGGCCGCTTATGTGGTACTTTTTGTAGTCG
Bmlef2N-BglII GAAGATCTGCAGATGCACCGTATAACGTGTG
Bmlef2C-NotI ATAAGAATGCGGCCGCTCAATAATTACAAATAGGATTGAGG
Bmlef3N-BglII GAAGATCTGCGACCAAAAGATTTTTTTCTGGAGAAAG
Bmlef3C-NotI ATAAGAATGCGGCCGCTTACAAAAATGTATAATCATTTTCATCTTCGTCATAC
Bmlef4N-BglII GAAGATCTGACCACGGCAATTTTATGATTG
Bmlef4C-NotI ATAAGAATGCGGCCGCTTAATTTGGCACGATTCGGTCG
Bmlef5N-BglII GAAGATCTTCGTTTAATGATGGCGTCGTTAAGG
Bmlef5C-NotI ATAAGAATGCGGCCGCTTAACAGCCAGACATTCC
Bmlef6N-BamHI CGGGATCCGTGTTCGACGTGTACTACAACG
Bmlef6C-NotI ATAAGAATGCGGCCGCTTATTGTTTTTCTAATACATTCAAGTCGTTTA
Bmlef7N-BglII GAAGATCTAACTGTAAAAGCAAGTATCATTTGTG
Bmlef7C-NotI TATTCTTAGCGGCCGCGTACATTATGATTGCAACAGTGTGG
Bmlef8N-BglII GAAGATCTACGGACGTAGTTCAAGATTTC
Bmlef8C-NotI TATTCTTAGCGGCCGCCTTTCACGTTAGCTTATTTCATTG
Bmlef9N-BglII GAAGATCTTTTTCTTTTTTGGATAAAACTCCTACTGAG
Bmlef9C-NotI ATAAGAATGCGGCCGCTCATTCAATAAACATGTCGAGCAAATG
Bmlef10N-BglII GAAGATCTACGAACGTATGGTCCGCG
Bmlef10C-SmaI CCCGGGTTACGTGGACGCGTTACTTTG
Bmlef11N-BglII GAAGATCTCCCCCCAAAAATTGCACG
Bmlef11C-NotI ATAAGAATGCGGCCGCTTACCATGTTTGATTTTTGTAAAC
Bmlef12N-BglII GAAGATCTACATCATCTCTTGATTGTGTTTTACACGTA
Bmlef12C-NotI ATAAGAATGCGGCCGCCTAATCAACGTGATTGA
Bmie1N-BglII GAAGATCTACGCAAATTAATTTTAACGCGTCG
Bmie1C-NotI TATTCTTAGCGGCCGCGTCCAACAGTAGTGACGGCATC
Bmie2N-BamHI CGGGATCCAGTCGCCAAATCAACG
Bmie2C-NotI ATAAGAATGCGGCCGCTTAAGGTTTAGACATCTCAATAGTGTATAAC
BmdnapolN-BglII GAAGATCTAAAATATATTCTTACAATGAACTCAAAACGCGC
BmdnapolC-NotI ATAAGAATGCGGCCGCTTATTTTTTTATTTTATACAAACAAAATTTATACGTATTG
Bmp143N-BglII GAAGATCTATTGACAACATTTTACAATTTTTTTTAAAAG
Bmp143C-NotI ATAAGAATGCGGCCGCTTAACATACAAAATTTGGTACACTAGTGTTC
Bmp47N-BglII GAAGATCTTTTGTCACCCGGTTGGAGC
Bmp47C-NotI ATAAGAATGCGGCCGCTCAGTATAACGACTGGTCAAAATTGAC
Bm39KN-BglII GAAGATCTGTAAACATGCCGGAGCAACAATC
Bm39KC-NotI ATAAGAATGCGGCCGCTTATTCTGACATATTTGTATCTTGTGTATTATC
Bmp35N-BglII GAAGATCTTGTGTAATTTTTCCGGTAGAAATCGAC
Bmp35C-NotI ATAAGAATGCGGCCGCTTATTTAATCATGTCTAATATTACATTTTTG
a Oligonucleotide name has the lef name for which they were used italicized and in bold-type. N and C denote forward and reverse oligonucleotide, respectively.
b Restriction endonuclease recognition sites are underlined.
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cloned into the BglII and NotI sites of pHSFlagHisVI+. The
correct sequence was verified by nucleotide sequencing.
We utilized two reporter plasmids, pCAPCATΔHNΔSE
and pAchr5CAPluc, throughout these studies. Both plasmids
contain the same fragment from the AcMNPV hr5 immedi-
ately followed by the AcMNPV late promoter of vp39 driving
a reporter gene, but they differ in the reporter genes and
plasmid backbones. Reporter plasmid pCAPCATΔHNΔSE is
a subclone of pCAPCAT (Thiem and Miller, 1990) lacking
ORF 603, pk1, and most of ORF 1629 (AcMNPV ORFs 7,
10, and 9, respectively; (Ayres et al., 1994)). The contribution
of these three genes in late gene expression cannot be
assessed using pCAPCAT in transient gene expression assays.
These ORFs were removed from pCAPCAT in two successive
steps. First, pCAPCAT was digested with HindIII, and the
large fragment containing the hr5 fragment and the vp39
promoter driving the chloramphenicol acetyltransferase (CAT)
gene was cloned into the HindIII site of pBluescript(Stratagene). The resulting plasmid was called pCAP-
CATΔHN (obtained from Dr. Lois K. Miller) and lacks pk1
and most of ORF 1629. Second, pCAPCATΔHN was
digested with SfiI, blunt-ended with T4 DNA polymerase,
and then digested with BglII to remove a 1.24-kbp fragment
containing ORF 603 and the vp39 promoter. The remaining
4.58-kbp backbone (containing the hr5 fragment and the CAT
gene plus flanking sequences) was gel-isolated and purified.
To obtain the vp39 promoter, pCAPCATΔHN was digested in
another reaction with EcoRV and BglII to isolate a 0.46-kbp
fragment containing the vp39 promoter only. The 4.58-kbp
backbone was then ligated to the EcoRV–BglII fragment to
obtain pCAPCATΔHNΔSE. In the reporter plasmid pAchr5-
CAPluc, the vp39 promoter controls expression of the
luciferase gene. To generate this plasmid, pCAPCATΔHNΔSE
was digested with SpeI and BglII, and the resulting fragment
containing the hr5 fragment and the vp39 promoter was cloned
into the NheI and BglII sites of the pGL3 basic vector
(Promega) containing luciferase. Since this plasmid had not
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the transcription start sites using 5′ RACE and found that
transcription started at the correct nucleotides of the vp39 late
TAAGs (results not shown).
Site-directed mutagenesis
The plasmid expressing AcMNPV p143 (pHSEpiHisVI+
p143) (Rapp et al., 1998), referred in this study as Ac p143,
was used as the template to introduce mutations in
AcMNPV p143, while mutations in BmNPV p143 were
carried out in the corresponding clone of the BmNPV lef
library, Bm p143. Mutations were generated by using the
Quik-Change site-directed mutagenesis (Stratagene) protocol,
PfuUltra High-Fidelity DNA polymerase (Stratagene), and the
oligonucleotides shown in Table 2. The predicted amino acids at
positions 564 and 577 of the AcMNPV P143 sequence, serine
(S) and phenylalanine (F), respectively, were changed to
asparagine (N) and leucine (L), which are present at the
corresponding positions of BmNPV P143. Plasmids Ac p143
(N) and Ac p143 (L) contain the respective single amino acid
changes, while plasmid Ac p143 (N, L) contains both amino
acids changed. The reciprocal changes were made in BmNPV
P143 by changing amino acids 565 and 578 to S and F,
respectively. The resulting plasmids were named accordingly:
Bm p143 (S) and Bm p143 (F) for the single amino acid mutants
and Bm p143 (S, F) for the dual amino acid mutant. All
mutations were confirmed by nucleotide sequencing.
DNA transfections
SF-21 cells (0.5 × 106) plated on 35-mm cell culture dishes
were transfected with the indicated amounts of DNA by using 3
μl of a lipid preparation (Crouch and Passarelli, 2002). Cells
were maintained at 27 °C for 4 h in the lipid–DNA mixture, and
then the mixture was replaced with complete medium and
incubated at 27 °C for the indicated times.
Immunoblotting
Transfected cells were washed once with phosphate-
buffered saline (PBS) (pH 6.2) and lysed with sodium
dodecyl sulfate (SDS)-Laemmli buffer. Equal volumes of
lysates were resolved by SDS–8% or 12% polyacrylamide gel
electrophoresis (PAGE). The resolved proteins were trans-
ferred to a PVDF membrane (Pierce) and immunolabeled with
1:1000 dilution of anti-HA.11 monoclonal antibody (Covance)
and 1:3000 dilution of goat anti-mouse IgG horseradish
peroxidase (Bio-Rad) and detected with SuperSignal chemi-
luminescent substrate (Pierce). To compare the expression
level between the lefs from the AcMNPV and BmNPV lef
libraries, cells were transfected with 4 μg of individual
plasmids (unless otherwise specified) and incubated for 20
h post-transfection. Then, cells were incubated at 42 °C for 30
min to induce expression from the hsp 70 promoter and
incubated for an additional 2 h at 27 °C before processing for
immunoblotting.Transient expression assays
Cells were transfected with 0.5 μg of each plasmid from the
lef libraries unless mentioned otherwise and 2 μg of either
reporter plasmid pAchr5CAPluc or pCAPCATΔHNΔSE as
indicated. The DNA concentration in each reaction was
maintained constant by addition of herring sperm DNA
(Promega). Cells were incubated at 27 °C for 48 h post-
transfection. Luciferase activity was measured in transfected
cells after lysing 5 min in 200 μl of Glo lysis buffer (Promega)
at room temperature. Equal volumes (50 μl) of lysate and
Steady-Glo luciferase mixture (Promega) were mixed, and
luminescence was detected with a Wallac Victor3 1420
Multilabel counter (Perkin Elmer). CAT assays were performed
as described previously (Passarelli and Miller, 1993). All
transfections were performed at least three times, and the
average of these experiments is presented.
Immunofluorescence
SF-21 cells (0.5 × 106) adhered to coverslips were
transfected, incubated, and washed as described for immuno-
blotting experiments. Proteasome inhibitor MG 132 (50 μg/ml;
Sigma) was added to the culture media 30 min before
incubating cells at 42 °C. Each of the following incubation
steps was followed by one wash with PBS; they were performed
at room temperature except for the incubation with antibodies.
Cells were incubated 15 min with 1% bovine serum albumin in
PBS (PBS–BSA), fixed for 20 min in 2% paraformaldehyde in
PBS, and permeabilized for 10 min with 0.2% Triton X-100 in
PBS. PBS–BSA was added 15 min to block non-specific
binding followed by a 1-h incubation at 4 °C with anti-HA.11
monoclonal antibody (Covance) diluted 1:100. Cells were then
incubated 30 min at 4 °C with goat anti-mouse IgG labeled with
FITC (Sigma) and diluted 1:250. Cells were treated with RNase
A for 30 min and then counterstained for 5 min with TO-PRO-3
(Molecular Probes) diluted 1:3000. The coverslips were
mounted on glass microscope slides with Fluoromount G
(SouthernBiotech) and observed with a Zeiss LSM 5 PASCAL
(Laser Scanning Confocal Microscope). The images shown are
representative of the population of transfected cells.
Immunoprecipitations
Cells were transfected with the indicated plasmid(s) as
described above for transfections. Cells (4 × 106) were plated on
100-mm cell culture dishes, and 16 μl of the lipid preparation
was used to transfect plasmid DNA. Cells were transfected with
Ac p143, Ac p143 (N, L), Bm p143, or Bm p143 (S, L) and a
plasmid expressing FLAG-tagged lef-3, FLAG Ac lef-3 or
FLAG Bm lef-3. Cells were washed with PBS and lysed in 500
μl of lysis buffer (1% 3-[(3-cholamidopropyl) dimethylammo-
nio]-1-propanesulfonate [CHAPS], 50 mM Tris–HCl at pH 7.5,
150 mN NaCl, 1 mM ethylenediaminetetraacetic acid [EDTA])
plus protease inhibitors (Roche; 1 tablet of complete Mini
EDTA-free protease inhibitor cocktail per 10 ml lysis buffer).
The lysate was incubated for 15 min at 4 °C with mixing and
188 M.F. Berretta et al. / Virology 348 (2006) 175–189then centrifuged (12,000 × g, 10 min at 4 °C) to clarify the
lysate. Proteins in the supernatant were immunoprecipitated
with 0.5 μl of anti-FLAG M2 antibody (1:1000; Sigma) bound
to 100 μl of a 10% solution of Protein G–Sepharose 4B Fast
Flow beads (Sigma) at 4 °C overnight. The precipitated proteins
were collected by centrifugation (1000 × g, 1 min at 4 °C),
washed with lysis buffer, and separated by SDS–8% PAGE.
Separated proteins were transferred to a PVDF membrane, and
the membrane was treated with 5% non-fat milk in Tris-buffered
saline with Tween-20 (20 mM Tris–HCl, pH 7.5, 500 mM
NaCl, 0.1% Tween-20) at 4 °C overnight. Proteins in the
supernatant that did not bind anti-FLAG M2 were immunopre-
cipitated with 2 μl of anti-HA.11 antibody (Covance) in 100 μl
Sepharose beads at 4 °C in an overnight incubation.
Immunoprecipitated proteins were collected by centrifugation
as described above, washed, separated by SDS–8% PAGE, and
transferred to a membrane. Both the anti-FLAG M2 and anti-
HA.11 immunoprecipitated proteins transferred to membranes
were treated with 1:4000 anti-HA-peroxidase (Sigma) for 1 to 2
h at 25 °C to detect coimmunoprecipitated P143. Proteins were
detected using SuperSignal West Pico Chemiluminescent
substrate (Pierce) and exposed to film. The membrane with
immobilized anti-FLAG M2-immunoprecipitated proteins was
stripped from the anti-HA-peroxidase antibody using Restore
Western Blot Stripping Buffer (Pierce) for 15 min at 25 °C. The
membrane was then treated with 1:2000 anti-FLAG M2-
peroxidase (Sigma) for 1 to 2 h at 25 °C to detect
immunoprecipitated LEF-3. Proteins were detected using a
chemiluminescent substrate as described above.
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